We introduce an innovative design of a disk triboelectric nanogenerator (TENG) with segmental structures for harvesting rotational mechanical energy. Based on a cyclic in-plane charge separation between the segments that have distinct triboelectric polarities, the disk TENG generates electricity with unique characteristics, which have been studied by conjunction of experimental results with finite element calculations. The role played by the segmentation number is studied for maximizing output. A distinct relationship between the rotation speed and the electrical output has been thoroughly investigated, which not only shows power enhancement at high speed but also illuminates its potential application as a selfpowered angular speed sensor. Owing to the nonintermittent and ultrafast rotation-induced charge transfer, the disk TENG has been demonstrated as an efficient power source for instantaneously or even continuously driving electronic devices and/or charging an energy storage unit. This work presents a novel working mode of TENGs and opens up many potential applications of nanogenerators for harvesting even large-scale energy. KEYWORDS: Triboelectric nanogenerator, in-plane charge separation, self-powered system, angular speed sensor S cavenging mechanical energy from ambient environment has attracted increasing interest not only for achieving selfpowered systems, but also for large-scale energy needs.
S cavenging mechanical energy from ambient environment has attracted increasing interest not only for achieving selfpowered systems, but also for large-scale energy needs. 1−4 Various approaches for harvesting mechanical energy have been developed that are based on piezoelectrics, 5−9 electromagnetics, 10, 11 and electrostatics, 12, 13 and so forth. The recently invented triboelectric nanogenerator (TENG) 14−20 provides an effective approach to convert mechanical energy into electricity, based on the coupling between triboelectrification 21−23 and electrostatic induction. The output performance of the TENG highly relies on the effectiveness of the charge separation process. 17, 19 In previous works, the separation of triboelectric charges was along the normal direction in reference to the triboelectric-charged surfaces (tribo-surfaces), which was accomplished relying on the resilience of the device structure when the external force was withdrawn. However, such approaches might lead to high processing cost and difficulty for fully packaging the TENG device. Moreover, the vertical separation based TENG may only work for low-frequency mechanical triggering, such as impact and deformation. Recently, we have introduced a contact-sliding based approach for TENG, 24, 25 in which the two tribo-surfaces are in contact. A time-dependent change in their contact area results in a lateral polarization of the triboelectric charges (tribo-charges) parallel to the tribo-surfaces, which can also give high power output.
Here in this work, we developed a segmentally patterned disk-shaped TENG, in which a periodic overlapping and separation process of the two groups of sectors on the two concentric and closely contacted disks is achieved by relative rotation. This design not only introduces the sliding triboelectrification between the two contacting surfaces of the sectors but also facilitates a rotation-induced periodic, in-plane charge separation for electricity generation. This in-plane charge-separation-based working mechanism was demonstrated with the combination of numerical calculations and experiments. With this rotation-based TENG, both finer segmentations and larger rotation speed lead to a faster charge transfer between the electrodes through an external circuit, producing a large current output at a high frequency (117.6 μA and 29.0 mA/cm 2 of 66.7 Hz at a rotating speed of 1000 rpm). Owing to its high output current and large frequency, multiple lightemitting diodes (LEDs) were lit up continuously, and a power storage unit such as a capacitor was quickly charged. The disk TENG is an important progress toward the practical application of nanogenerators and self-powered systems.
The basic structure of the disk TENG is composed of two disk-shaped components with four sectors each, as schematically illustrated in Figure 1a . In the fabrication of the TENG device, two poly(methyl methacrylate) (PMMA) sheets were first processed by laser cutting to form the desired four-sectorstructured cyclostyle that served as the templates for the effective contacting parts of the TENG. Then, a 50-μm-thick Kapton film with Au electrode deposited on the back side was manually patterned into this exact shape and then securely attached onto one of the templates, while a piece of Al foil tailored into the same shape was attached on the other template. The Al part and Kapton part was brought to a face-toface intimate contact and the Al part was driven to spin on the surface of the Kapton around their common axis. To promote the triboelectrification and increase the effective contact area between the two layers, a Kapton nanorod (NR) array was created on the Kapton surface by a top-down approach 26 through inductive coupled plasma (ICP) reactive ion etching, as displayed in the inset of Figure 1a . Scanning electron microscopy (SEM) images of the Kapton NRs are shown in Figure 1b . After a two-minute ICP etching, the NRs were uniformly distributed on the surface of Kapton, with an average diameter and length of 150 and 600 nm, respectively. The length of the NRs increases with the etching time ( Figure S1 ). Figure 1c is a photograph of the two parts of the disk-shaped TENG with a diameter of 4 in. The total effective area of the TENG device is 40.54 cm 2 . The disk TENG in this work presents a different working mode from the vertical contact-separation based configuration. The working principle of the disk TENG is based on the triboelectrification and the relative-rotation-induced cyclic inplane charge separation between Al and Kapton, as shown in Figure 1d . In the relative rotation, the Al surface and Kapton surface slide one relative to the other, so that the electrons will be injected from the Al foil to the inner surface of the Kapton film, leaving net positive charges on the Al foil and net negative charges on the Kapton film. The electricity generation process of the disk TENG can be divided into four stages: in Stage I, the two disks are at an overlapping position. Since the two charged surfaces are closely contacted with no polarization, there will be no potential difference between the two electrodes, thus no current flow in the external load. When the Al foil rotates in reference to the Kapton film, the corresponding two segments start to have a partially mismatched contact area (Stage II), and the in-plane tribocharges are thus separated in the direction almost parallel to the sliding direction, which will induce a higher potential on the Al layer than the Kapton's electrode; thus the electrons in the electrode attached to the Kapton film will be driven to flow to the Al foil through an external load (forming a current flow in the reverse direction), so that an opposite potential is generated to balance the potential difference created by the separated tribo-charges. In this process, the electrons keep flowing until the two disks reach fully mismatch in the contacting segmented areas (e.g., for 45°of rotation in this case), which is represented by Stage III. At this moment, both the induced potential difference and the amount of transferred charges between the two electrodes reach the maximum values. In Stage IV as the top plate continues spinning, the Kapton surface begins to get contacted with another adjacent sector of Al foil, and the potential difference between two electrodes will drop with the decrease of the mismatch area. As a result, the electrons will flow back in the opposite direction from the Al foil to the electrode attached to the Kapton film. Thus, the entire process will result in an alternating-current (AC) output. Such a charge transfer cycle will start over from Stage I when the two plates reach a complete overlapping again.
To gain a more quantitative understanding of the proposed working principle of the disk TENG, we employed finite element simulation to calculate the potential difference between the two electrodes and the transferred charge density at consecutive stages in a full cycle of charge transfer. The triboelectric charge density on the inner surface of Kapton film and Al foil was assigned as 75 μC/m kV and 69.3 μC/m 2 at the fully separated position of 45°(Stage III). In the second half of this cycle (Stage IV), both the potential difference and transferred charge density decrease as the contact area begins to recover, and they show a symmetric behavior at the angle of 67.5°compared with Stage II.
The calculated potential difference and transferred charge density in a full cycle (from the 0°position to the 90°position with the step angle of 4.5°) were depicted in Figure 2b . It can be observed that the transferred charge density displays a linear relationship with the rotating angle in each of the half cycles, while the potential difference presents a sharper peak, with an elevated slope around the fully separated position (the rotating angle of 45°). Assuming a constant value of triboelectric charge density (σ 0 ) and uniform distribution of these charges on the inner surface of Al and Kapton, the amount of transferred charges should ideally equal to the amount of separated charges, which is proportional to the separated area (ΔA, for one sector). Therefore, the transferred charge density (Δσ) has the following relationship with the rotating angle (Δθ):
where θ 0 = 45°is the rotating angle from the fully contacted position to the adjacent fully separated position, and A 0 is the maximum separated area for one sector. Then we can get
These theoretical expectations were further confirmed by electrical output measurements of the open-circuit voltage (V OC ), transferred charge density (Δσ), and short-circuit current density (J SC ), as shown in Figure 2c −e. The measurement was accomplished by rotating the Al-side disk at a constant speed of 45 rpm, with vertically intimate contact with the inner surface of Kapton (the detailed measurement setup is described in Methods). The output profiles of both the V OC and the Δσ show excellent consistency with the calculation results, with the V OC showing a sharp peak and the Δσ showing a linear "triangle waveform" behavior. Based on eq 2, the dependence of J SC on the angular speed (ω) can be deduced as: 
where n is the rotation speed measured in a unit of rounds per minute (rpm). Therefore, as long as the angular speed (ω) remains constant, the J SC should remain a constant value in each half cycle, with a symmetric AC manner in a full cycle. The measurement result of the J SC in Figure 2e is also in agreement with this anticipated trend, which shows a "square waveform" behavior, differing a lot from the "pulse-like" current peak behavior in the previous works. This novel characteristic of NG's output performance may bring up new applications in various fields.
The disk TENG we discussed here is based on the triboelectrification between an insulator and a conductor (metal). If such disk TENGs are constructed based on the triboelectrification between two insulators as shown in Figure  S2 , they still work well under the similar rotation-induced inplane charge separation mechanism, only except that the triboelectric charges on both the contacting surfaces are static, and the electrons transfer would occur between the two electrodes deposited on the back sides of the two insulator materials.
The electricity generation process of the disk TENG relies on the magnitude and the rate of the triboelectric charge separation. In this regard, the configuration of the device, which is the number of sectors (N) that the entire disk is divided into, can be expected to play a significant role in the output performance of the TENG. For this purpose, we studied three types of TENG devices with the disks divided into 1 sector (Configuration 1, semicircle), 2 sectors (Configuration 2), and 4 sectors (Configuration 3, equivalent to the structure discussed in Figures 1 and 2) , respectively. Both theoretical calculations and measurements (with a rotation speed of 100 rpm) were carried out to demonstrate the effect of configurations on the output performance, as given in Figure  3 . From the numerical calculation results in Figure 3a , c, and e, it could be found that as N increases from 1 to 4, both the calculated potential difference and transferred charge density drop to some extent. This trend is also observed in the measurement results of the V OC and the Δσ (Figure 3b,d,f) , in which the V OC falls from 315 to 230 V, and the Δσ decreases slightly from 43.6 to 40.8 μC/m 2 . The decreases of the V OC and the Δσ may result from the lower magnitude of polarization due to the shrunk separation distance for finer segments. On the contrary, the J SC shows a phenomenal ascending trend from Configuration 1 to Configuration 3, mainly owing to the obvious increasing of the charge transferring rate due to the smaller rotation angle from fully contact to fully separation. Above all, it could also be found that the frequencies of all the three types of output signals double with the doubled segmentations. To be more accurate, each frequency of the output signal was examined and summarized in Table S1 , and the experimental results fit well with the theoretical calculations on the basis of the following equation:
where n is the rotating speed and N is the number of divided sectors in a device. This group of comparisons shows a clear trend that ,with finer segmentation patterns, the amount of electricity generated by the TENG within a single rotation cycle will be largely increased owing to the multiple times (N) of charge transferred across the external load, which can greatly boost up the power conversion efficiency. Based on this finding, through patterning the disk with much finer segmentations using the techniques of photolithography and etching in the future work, the current output could be greatly improved.
On the other hand, when there is no segmentation but just two full-round-shaped disks, the output will be much lower: 8 V, 1.2 μC/m 2 , and 1.5 μA/m 2 as the values of V OC , Δσ, and J SC , respectively, at a rotating speed of 100 rpm ( Figure S3 ), which are about 2 orders of magnitude lower than the results in Figure  3 . Ideally, if the contacting surfaces were perfectly flat and there were no wobbling during the rotation, there should be no electric output for this case. The observed electric output is likely due to the roughness of the two disk surfaces, which causes a fluctuation in contact area in the vertical direction.
Besides, an intimate contact in the vertical direction is also highly desired in the current proposed mechanism. To elucidate this issue, another set of experiments was carried out with a series of vertical distances between the pair of concentric disks of Configuration 3, at the rotating speed of 100 rpm. It could be found in Figure S4 that the output performance will rapidly decay to zero as the vertical displacement between the two plates increases from 0 to 2 mm. These results provide us with the two important necessities for the high output of the disk TENG and offer a strong validation for the proposed in-plane charge-separationbased working mechanism of the TENG in this work. As we have discussed in the theoretical analysis, the J SC will increase linearly with the rotating speed n, while the V OC and the Δσ should not be influenced by the velocity, as long as the configuration of the device is fixed and the initial surface charge density keeps constant (eq 3). To verify these relationships, a group of electrical measurements with variable rotating speeds were conducted on the TENG with Configuration 3, which is presented in Figure 4 . Figure 4a and c shows the measured open-circuit voltage and transferred charge density with different rotating speeds. Both the V OC and the Δσ almost keep constant with the rotating speed increased from 50 to 500 rpm. Though a slight decay at high speed occurs, which might result from the relatively low sampling rate of the voltage/ charge meter, it is negligible with the V OC of around 230 V and Δσ of about 40 μC/m 2 , as summarized in Figure 2b and d. Besides, the averaged slopes of the V OC curve were also analyzed and shown in Figure 4b , with an increasing trend with ascending rotating speed because of the rising of the charge separation rate. Different from the V OC and the Δσ, the J SC is strongly enhanced with higher rotating speed (Figure 4e) , and the good linear fitting in Figure 4f is coherently consistent with the behavior predicted by eq 3. This linear relationship between the J SC and the rotating speed implies that the magnitude of the output current of the disk TENG could be utilized to actively measure the angular speed of a rotating disk structure, which has potential applications in automobile braking systems or transmitting instruments.
Moreover, though the magnitude of both the V OC and the Δσ is independent of the rotating speed, their frequencies, as well as the frequency of the J SC will be directly related to the velocity (eq 4). Figure S5 summarizes the velocity dependence of the signal frequencies for V OC , Δσ, and J SC . It is obvious that the frequencies of all the three output signals show similar linear relationship with the rotating speed, and the frequency− velocity dependence also fits perfectly to the theoretically calculated curve, as shown in Figure S5d . The frequency analysis provides another reliable approach of employing the disk TENG as a self-powered velocity sensor. In the practical application, this could be simply realized by Fourier transform of any output signal to acquire the frequency information.
This unique design of the segmentally patterned disk TENG realizes multiple times of charge transfers within a full rotation cycle, which enables a fast charge transfer rate at high rotating speed. This will contribute to a large output current at a high . The frequency of the J SC is as high as ∼66.7 Hz, which is even a bit higher than the frequency of the commercial electric power (50 Hz). After rectification, a high-magnitude and highfrequency DC like output was achieved (Figure 5b ), which can be used to drive portable electronic devices (e.g., 60 serially connected commercial LEDs) instantaneously, as shown in Figure 5c and Videos S1−2. As we can see from four consecutive frames in Figure 5c (with a time interval of only 0.1 s) taken from Video S1, the disk TENG achieves a continuous lighting-up of the LEDs, rather than just flashing in previous works.
17 −19 Besides, such high frequency and large magnitude of electrical output imply a large averaged output current density and power density, which also shows its superiority when combined with energy storage units (e.g., batteries and capacitors) for long-term applications. As shown in Figure 5d , a 22 μF capacitor was charged by the disk TENG with variable rotating speeds at 100, 500, 1000, and 1500 rpm. The capacitor charging rates (the rate of the capacitor's voltage increase) rose almost linearly with the rotating speed ( Figure S6 ) because of the faster charge transfer under higher rotation speeds. With the highest tested rotation rate at 1500 rpm using the device we have fabricated, the 22 μF capacitor was charged to 10 V in merely 33 s, which is a gigantic enhancement compared to the previous work 17 using the traditional type of TENG. The ultrafast charging of an energy storage unit by the disk TENG will largely improve the practicability of the TENG as an energy harvester in a self-powered system 27 and boost up the advancement of self-charging power cell. 28 For different practical applications, the energy harvester is usually applied on external loads with variable resistances, so that the output will deviate from the short-circuit or opencircuit conditions. In this regard, the output performance of the disk TENG was systematically studied at different loads. Figure  5e shows the resistance dependence of both output current density and voltage, from 10 Ω to 1 GΩ. The output current density decreases with the increasing resistance while the output voltage shows the reverse trend, but both the current and voltage tend to saturate at both high and low ends of the resistance. The power density was also calculated by:
where P is the output power, A is the surface area of one disk unit in the TENG, U and I are the voltage and the current on the load with a certain resistance, respectively, and J is the current density. The power density was also plotted as a function of external resistance in Figure 5f . The output power density first increases at a low resistance region and then decreases at a higher resistance region. The maximum value of the power density of ∼1 W/m 2 occurs at ∼10 MΩ. The disk TENG based on in-plane charge separation process has several advantages over the TENG based on vertical-toplane charge separation process. First, this novel working mode enables the energy harvesting from rotational motion, which largely broadens the range of applications of TENGs for a range of centric types of motion. Second, such continuous-motiondriven TENG generates the electricity with adjustable frequency and at high frequency, because it does not rely on the resilient bouncing of the TENG after mechanical triggering. This could help to realize a direct and continuous driving of electronic devices and fast charging of storage units. Third, the in-plane charge separation does not require the presence of an air gap, making the TENG device more suitable for multilayer integration and fully packaging. Last but not least, with the innovative design of device configuration, this is the first to realize the nanogenerator working at constant velocity of rotation, and a reliable self-powered angular speed sensor could be obtained.
In summary, we present a novel design of disk-shaped triboelectric nanogenerator based on in-plane charge separation mechanism, which can convert rotational mechanical energy into electricity. Finite element simulation was employed to gain a comprehensive understanding about the fundamental working principle as well as the output characteristics of the TENG, and the experimental results are in good agreement with the theoretical predictions. Through experimental comparison, we find an enhancement of the output current from finer segmental patterns, which can serve as the guidance for future research on the disk TENG. A linear relationship is present between the current/frequency and the rotating speed, which enables its application as a self-powered angular speed sensor. The disk TENG makes it possible to harvest rotational mechanical energy at a high frequency with a high magnitude of power density, showing unprecedented superiority and practicability in both driving electronic devices directly and continuously as well as charging energy storage units. This work opens up a new field in mechanical energy harvesting and pushes forward a significant step toward the practical application of nanogenerators by using rotary motion, such as the brake system in an automobile.
Methods Summary. Fabrication of the Kapton Nanorods. A 50-μm-thick Kapton thin film was cleaned with menthol, isopropyl alcohol, and deionized water, consecutively, and then blown dry with nitrogen gas. Then, the surface of the Kapton was deposited with a 10 nm Au thin film by sputtering as the mask for the following etching of the Kapton surface to create the nanorod structure using the inductively coupled plasma (ICP) reactive ion etching. Specifically, Ar, O 2 , and CF 4 gases were introduced into the ICP chamber with the flow rate of 15.0, 10.0, and 30.0 sccm, respectively. One power source of 400 W was used to generate a large density of plasma, and the other power of 100 W was used to accelerate the plasma ions. The Kapton thin film was etched for 1−5 min, and the length of the as-fabricated nanorod array ranged from 0.4 to 1.1 μm.
Fabrication of the Disk Triboelectric Nanogenerator. First, two 0.125″-thick PMMA sheets were processed by laser cutting (PLS6.75, Universal Laser Systems) to form the two cyclostyles with the same shape as the corresponding configuration. The tailored Al foil and Kapton film (deposited with Au electrode) were securely attached on the PMMA loading templates to make a flat surface. The two sheets were put together with the two fresh surface (Al and Kapton) intimately contacted.
Electrical Output Measurement of the Disk-Triboelectric Nanogenerator. In the electrical output measurement, the Al part of the disk-triboelectric nanogenerator was bonded onto a spinning motor (BX460AM-A, Oriental Motor), and the Kapton part was secured on a stationary XYZ linear translation stage (462-XYZ-M, Newport Incorporation), with both centers of the disks in coincidence with the spinning axis. The Al structure was driven to rotate around the axis of the motor with variable rotating speeds. The open-circuit voltage and transferred charge density was measured by Keithley 6514 system electrometer, and the short-circuit current was measured by SR570 low noise current amplifier (Stanford Research System).
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